Carbohydrate partitioning is the process of carbon assimilation and distribution from source tissues, such as leaves, to sink tissues, such as stems, roots and seeds. Sucrose, the primary carbohydrate transported long distance in many plant species, is loaded into the phloem and unloaded into distal sink tissues. However, many factors, both genetic and environmental, influence sucrose metabolism and transport. Therefore, understanding the function and regulation of sugar transporters and sucrose metabolic enzymes is key to improving agriculture. In this review, we highlight recent findings that (i) address the path of phloem loading of sucrose in rice and maize leaves; (ii) discuss the phloem unloading pathways in stems and roots and the sugar transporters putatively involved; (iii) describe how heat and drought stress impact carbohydrate partitioning and phloem transport; (iv) shed light on how plant pathogens hijack sugar transporters to obtain carbohydrates for pathogen survival, and how the plant employs sugar transporters to defend against pathogens; and (v) discuss novel roles for sugar transporters in plant biology. These exciting discoveries and insights provide valuable knowledge that will ultimately help mitigate the impending societal challenges due to global climate change and a growing population by improving crop yield and enhancing renewable energy production.
Introduction
All living organisms require organic carbon to generate the metabolites needed to survive and grow. Many eukaryotes, humans included, are unable to generate their own carbon supply. As such, humans rely on plants as the ultimate source of fixed carbon because plants are able to (i) assimilate atmospheric carbon dioxide into sugars; (ii) generate compounds that our bodies can easily metabolize (i.e. nutrients); and (iii) store these compounds in organs readily harvested in mass quantities. Therefore, it is vital to understand how plants control carbon assimilation and long-distance transport of carbohydrates to continue increasing crop yields to sustain the growing human population (Godfray et al. 2010) .
Carbohydrate partitioning (CP), the process of assimilating, transporting and distributing sugars from source leaves (net exporting) to sink tissues (net importing), such as flowers, stems and roots, is fundamental to plant growth and development , Bihmidine et al. 2013 , Yadav et al. 2015 . Additionally, this process is crucial for plant tolerance to abiotic and biotic stress (Lemoine et al. 2013, Ludewig and Flügge 2013) . Thus, understanding CP and its genetic regulation are essential to enabling breakthroughs to increase crop yield and stress tolerance. While selective breeding has led to great progress modifying CP in crop species such as maize (Zea mays), barley (Hordeum vulgare) and potato (Solanum tuberosum), much remains to be discovered of the underlying genes and control mechanisms.
Numerous reviews discussing CP and sugar metabolism have recently been published (Lemoine et al. 2013 , Braun et al. 2014 , Ruan 2014 , Eom et al. 2015 , J. Li et al. 2017 . As humans obtain >60% of their daily calories from cereals (Alexandratos and Bruinsma 2012) , in this review we will emphasize recent progress in understanding CP in grasses, which has been less studied, as well as exciting discoveries from other plants. We will also discuss current results illuminating the path for phloem loading of sucrose in maize and rice (Oryza sativa) leaves. Additionally, we will describe recent findings on sugar unloading in vegetative sinks, which are important both for the development of biofuel plants for renewable energy, and for engineering enhanced abiotic stress tolerance in crop plants. Finally, we also focus on sugar transport and metabolism under biotic and abiotic stress, specifically drought and heat stress, and discuss questions that should form the basis for future research.
Roles for Rice Sugar Transporters and Phloem Loading: Apoplasmic vs. Symplasmic?
In most annual plants, sucrose is the predominant carbohydrate transported long distance through the phloem sieve tubes, which are constituted of sieve elements (SEs) connected end to end Ziegler 1975, Slewinski and . During maturation, SEs undergo limited autolysis, degrading most of the organelles, and become reliant on companion cells (CCs) for metabolic support (Esau 1977) . These two cell types are referred to as SE-CC complexes (SE-CCCs). In leaves of many annual, herbaceous plants, including most crop species, the SE-CCCs share very few plasmodesmata (PDs) with adjacent cells (Evert et al. 1978 , Gamalei 1989 . Hence, sucrose synthesized in the photosynthetic cells (e.g. mesophyll cells) is ultimately exported to the apoplasm (cell wall), probably by SWEET efflux proteins, prior to entry into the SE-CCCs via sucrose transporters (abbreviated as SUT or SUC). Furthermore, the sucrose content is higher inside the SECCCs than in surrounding cells, necessitating the active pumping of sucrose against its concentration gradient to accumulate within the SE-CCCs (Geiger et al. 1973 , Evert et al. 1978 ). This process is referred to as apoplasmic phloem loading of sucrose. However, some plants, in particular trees, have high PD connectivity between the SE-CCCs and adjacent cells, as well as a lower concentration of sucrose (or the corresponding transported carbohydrate, e.g. sugar alcohols) in the SE-CCCs than mesophyll cells. Hence, sucrose moves down a concentration gradient and enters the phloem passively (without an energy-requiring step), in a process termed symplasmic phloem loading (Turgeon and Medville 1998) . For more information on the different strategies used by plants for phloem loading, see Rennie and Turgeon (2009) , and Liesche (2017) .
SUTs are H + /sucrose symporters that utilize the proton motive force (PMF) present across the plasma membrane (PM) of the SE-CCCs to load sucrose against its concentration gradient into the phloem (Chandran et al. 2003 , Lalonde et al. 2004 , Carpaneto et al. 2005 , Reinders et al. 2012 . Multiple Sut genes have been identified in the genomes of both apoplasmic and symplasmic phloem loading species (Aoki et al. 2003 , Lalonde et al. 2004 , Ayre 2011 , Peng et al. 2014 . To examine the phylogenetic relationships among the SUTs, with a particular focus on grasses, Braun and Slewinski (2009) constructed a phylogenetic tree consisting of SUTs from available monocot and select eudicot genomes. These analyses identified five distinct clades or groups. Group 1 consists entirely of monocot SUT sequences. Group 2 contains only eudicot SUT sequences, several of which are known to be responsible for apoplasmic phloem loading of sucrose in leaves, including StSUT1 from potato (Lemoine et al. 1996) and AtSUC2 from Arabidopsis thaliana (Gottwald et al. 2000 , Srivastava et al. 2008 . Group 3 consists of both monocot and eudicot SUTs, but their functions are unclear. Group 4 also contains SUTs from both monocots and eudicots. Members of this group have been localized to the tonoplast and are proposed to function in the efflux of sucrose out of the vacuolar lumen into the cytoplasm (Reinders et al. 2012 ). Group 5 consists entirely of monocot SUTs whose functions are unknown (for a more detailed discussion of the different SUT groups, see Braun and Slewinski 2009 ).
Maize has long been a model organism for studying phloem transport (Hofstra and Nelson 1969) , and is characterized as an apoplasmic phloem loading species (Evert et al. 1978 , Heyser 1980 , Gamalei 1989 . Evidence supporting this hypothesis includes: (i) ultrastructural studies demonstrating few PDs between the SE-CCCs and adjoining cells (Evert et al. 1978) ; (ii) the ability of SEs to accumulate 14 C-labeled sucrose directly from the apoplasm (Fritz et al. 1983) ; (iii) a significant increase in the pH of vascular bundles fed sucrose through the transpiration stream (Heyser 1980) ; and (iv) the inhibition of sucrose export from the leaf upon exposure to para-chloromercuribenzene sulfonate (Thompson and Dale 1981) , an inhibitor of SUT function. Through molecular expression analyses and biochemical studies, ZmSut1 was identified as a candidate for apoplasmic phloem loading of sucrose in maize leaves (Aoki et al. 1999 , Carpaneto et al. 2005 . Direct evidence supporting this hypothesis came from the evaluation of a transposable element insertion allele of ZmSut1. Utilizing the zmsut1 mutant, Slewinski et al. (2009 demonstrated that ZmSut1 functions to load sucrose into the phloem from the apoplasm. Plants defective in ZmSut1 display stunted plant growth, leaf chlorosis, failure to transport radioactively labeled sucrose in source leaves, and sugar and starch accumulation within the leaf ). Furthermore, research examining the cellular and subcellular localization of the ZmSUT1 protein in maize, utilizing transgenic fluorescent protein reporter lines, found ZmSUT1 localized to the PM of CCs (Baker et al. 2016) . Hence, ZmSUT1 functions to load sucrose into the SECCCs in maize leaves.
The rice ortholog of ZmSut1, OsSut1, was first characterized by Hirose et al. (1997) , who hypothesized that OsSut1 played a role in sucrose movement out of tissue stores and into developing tissues (e.g. developing seeds). To test this hypothesis, Scofield et al. (2002) examined OsSut1 function using antisense RNA suppression lines. In some of the transgenic lines, strong, yet incomplete, reduction of the OsSut1 RNA was achieved. However, reduced grain fill and delayed germination were the only observed differences relative to wild-type siblings. Scofield et al. (2002) hypothesized that the observed reduction in grain filling was either directly due to OsSUT1 function being impaired in the grain, or indirectly due to reduced sucrose transport out of the leaf. Interestingly, in germinating seeds, an OsSut1 promoter:b-glucuronidase (GUS) reporter gene was expressed in the phloem of the scutellum, and the authors proposed that OsSUT1 functions to remobilize seed reserves (Scofield et al. 2007a ). Thus, the delayed germination phenotype in the ossut1 antisense lines reported by Scofield et al. (2002) may result from limited phloem loading of endosperm-derived sucrose into scutellar veins (Matsukura et al. 2000) , supporting the hypothesis that OsSUT1 functions to load sucrose into the phloem in rice, at least in germinating seedlings. In parallel, Ishimaru et al. (2001) used a similar antisense RNA approach to examine the role of OsSut1 in phloem loading. Again, this strategy resulted in a strong but incomplete knock-down of gene expression. Ishimaru and colleagues observed results similar to those of Scofield et al. (2002) , with no change in plant height, leaf photosynthesis or leaf sugar and starch accumulation. Interestingly, Scofield et al. (2007b) determined that the OsSut1 promoter:GUS reporter gene was expressed in the phloem, and that the OsSUT1 protein immunolocalized to the SE-CCCs of vegetative tissues, suggesting that it might function to load sucrose into the phloem from the apoplasm. From these results, Ishimaru et al. (2001) and Scofield et al. (2002) suggested that the lack of a visible plant phenotype in the antisense RNA lines might be due to (i) the ability of the transgenic plants to load sucrose apoplasmically into the phloem as a result of incomplete suppression or (ii) transport from the apoplasm is not the predominant form of sucrose entry into the phloem of rice leaves (Ishimaru et al. 2001 , Scofield et al. 2002 .
To resolve any potential uncertainties from the antisense lines being incomplete knockout mutations, Eom et al. (2012 Eom et al. ( , 2016 characterized an OsSut1 null allele caused by a Tos17 retrotransposable element insertion into the coding region. Unfortunately, this disruption caused an impairment in pollen tube germination, resulting in the inability to recover homozygous mutant plants through self-pollination (Hirose et al. 2010) . To circumvent this limitation, Eom et al. (2012 Eom et al. ( , 2016 performed anther tissue culture to regenerate homozygous ossut1 mutant individuals. The mutant exhibited an absence of phenotypes usually associated with an impaired ability to load sucrose into the phloem. For example, loss of function of the OsSut1 gene did not impact plant growth, leaf Chl levels, photosynthetic rate, carbohydrate contents in leaves or time to flowering. Based on these results, the authors suggested that rice may utilize symplasmic phloem loading. They also raised the possibility that another member of the Sut gene family may be responsible for the apoplasmic phloem loading of sucrose in rice.
There are five Sut genes in the rice genome (Aoki et al. 2003 ). To address their ability to load sucrose into the phloem from the apoplasm, Eom et al. (2016) designed a transgenic complementation experiment to assess whether any rice Sut gene could rescue the phenotype of the Arabidopsis atsuc2 mutant. atsuc2 mutant plants grow poorly, hyperaccumulate carbohydrates in their leaves and do not set seed due to the attenuation of sucrose import into the SE-CCCs (Gottwald et al. 2000 , Srivastava et al. 2008 . Only the OsSut1 cDNA driven by the AtSUC2 promoter complemented the atsuc2 mutant phenotype, restoring plant growth and leaf carbohydrate levels back to those of the wild type. These data suggest that of the rice SUT family members, only OsSUT1 might function to load sucrose apoplasmically into the phloem. It is curious as to why OsSUT1 performs this function when heterologously expressed in the Arabidopsis phloem, but does not seem to do so endogenously in rice, although, as mentioned above, OsSUT1 is expressed in the phloem and the ultrastructure of rice leaf minor veins suggests a symplasmic discontinuity for sucrose to enter the SE-CCCs (Kaneko et al. 1980 , Braun et al. 2014 .
Further independent evidence supporting the hypothesis that rice uses an apoplasmic phloem loading mechanism derives from research examining the localization of a proton pyrophosphatase (H + -PPase) and sucrose synthase (SUS) proteins in rice veins (Regmi et al. 2016 ). As described above, SUTs function by utilizing the PMF present across a membrane to energize the co-transport of a sucrose molecule and a H + against a sucrose concentration gradient. The PMF is generated by the cleavage of sucrose into fructose and UDP-glucose by SUS, with additional biochemical reactions generating ATP. The ATP in turn is catabolized by a H + -ATPase, providing the energy to pump a H + across the PM to generate the PMF (Geigenberger et al. 1993 , Lerchl et al. 1995 . In Arabidopsis, a phloem-expressed, PM-localized H + -PPase has been proposed to function as a synthase to generate pyrophosphate to drive sucrose catabolism and the resultant ATP production, which is required to sustain the PMF (Gaxiola et al. 2012 , Pizzio et al. 2015 . Subsequently, Regmi et al. (2016) hypothesized that if rice imports sucrose into the phloem from the apoplasm, then a SUS and a H + -PPase would be expected to localize to the PM of CCs and/or SEs. Conversely, if rice uses symplasmic phloem loading, then the H + -PPase would probably be predominantly localized to the tonoplast, as found in sink tissues (Nakanishi and Maeshima 1998 , Langhans et al. 2001 , Segami et al. 2014 , Pizzio et al. 2015 . Utilizing polyclonal antibodies raised against the H + -PPase or SUS, Regmi et al. (2016) determined that the H + -PPase localized to the PM of the phloem SE-CCCs, and that SUS was located in close proximity to the PM in these cells. These results suggest that the necessary components to support sucrose transport into the phloem from the apoplasm are present in the SE-CCCs of rice minor veins. Therefore, these data are consistent with the hypothesis that rice uses apoplasmic phloem loading rather than symplasmic loading. If so, might another Sut gene mediate apoplasmic phloem loading?
Investigations of OsSUT2, a member of the group 4 SUTs, suggested the possibility of an alternative method of sucrose loading. Members of this group of SUTs localize to the tonoplast and are proposed to move sucrose out of the vacuolar lumen into the cytoplasm (Reinders et al. 2008 , Reinders et al. 2012 , Schneider et al. 2012 . When the function of OsSut2 was disrupted by a T-DNA insertion, the mutant plants, referred to as ossut2, displayed a reduction in plant height, tiller number and seed weight, as well as an increase in the amount of sucrose, glucose and fructose present in mature leaves (Eom et al. 2011) . Sugar export from the leaf was also reported to be significantly reduced in ossut2 mutants, suggesting that OsSut2 influences sucrose movement into the phloem (Eom et al. 2012) . Further, when the expression of an OsSut2 promoter-reporter was examined, the gene was found to be expressed in mesophyll and bundle sheath cells, but not in the veins. Since ossut1 mutants failed to display phenotypes indicative of the inability to load sucrose into the phloem, but ossut2 mutants exhibited some of these phenotypes, Eom et al. (2012) hypothesized that rice may use a modified form of symplasmic phloem loading mediated by OsSUT2. If correct, it would indicate that rice utilizes a different mechanism for loading sucrose into the phloem compared with closely related grasses, including wheat (Triticum aestivum), barley, maize, sugarcane (Saccharum sp.) and sorghum (Sorghum bicolor), which have all been proposed to use apoplasmic phloem loading (Evert et al. 1978 , Thompson and Dale 1981 , Robinson-Beers and Evert 1991 , Evert et al. 1996 .
This intriguing hypothesis motivated Leach et al. (2017) to investigate the function of the single group 4 gene in maize, ZmSut2. ZmSUT2 is orthologous to OsSUT2, with the two proteins sharing 91% amino acid identity, and both proteins residing on the tonoplast. The authors characterized homozygous zmsut2 mutant plants resulting from transposable element insertions in the protein-coding region to determine the biological function of the gene. Sequence and expression analyses revealed that both mutations were probably null alleles. When grown in the field, zmsut2 homozygous mutant plants displayed a reduction in plant height and reproductive structures, i.e. ear and tassel length, as well as an increase in sugars and starch in leaves compared with wild-type siblings. Another interesting aspect of the zmsut2 mutant phenotype is that with increasing planting density, both ear length and total kernel number progressively decreased, whereas kernel weight remained relatively unchanged (Leach et al. 2017) . These data indicate that ZmSut2 is important for maintaining crop productivity, especially under higher planting densities associated with commercial seed production. Additionally, Leach et al. (2017) used radioactively labeled sucrose to examine whether ZmSUT2 played a direct role in phloem loading of sucrose in leaves. These experiments demonstrated that sucrose loading and transport was unaffected by the mutation. Collectively, these data suggest that the phenotypes observed in zmsut2 mutants, which are highly similar to those observed in ossut2 mutants, are due to the inability to transport sucrose out of the vacuole in photosynthetic cells, rather than an inability to load sucrose into the phloem SE-CCCs.
If the hypothesis that rice uses symplasmic phloem loading is in doubt, might there be another explanation for why ossut1 mutants fail to produce a phloem loading-related phenotype? One potential reason may be the growth conditions under which these mutant plants were characterized (summarized in Supplementary Table S1 ). To our knowledge, all of the characterized antisense RNA ossut1 transgenic lines reported were cultivated in greenhouses without supplemental lighting under natural conditions [in the articles from Ishimaru et al. (2001) and Scofield et al. (2002) the light levels were not reported), whereas the ossut1 Tos17 insertional mutants were grown in a growth chamber under 300 mmol m -2 s -1 of light (Eom et al. 2016) . These growing conditions might have been insufficient to trigger a phloem loading-related defect. It has been demonstrated that when Arabidopsis plants carrying homozygous null mutations in AtSUC2 are grown under low light levels, they are able to complete their life cycle and produce seed (Srivastava et al. 2009 ). Similarly, we observed that zmsut1 mutant plants grown in a greenhouse during the winter months supplemented with incandescent lighting (400-900 mmol m -2 s -1 ) grow normally, reach reproductive maturity at similar times to wild-type siblings, produce fertile pollen and ears, and make viable seed upon self-fertilization (Fig. 1) . This is in stark contrast to the phenotype observed in zmsut1 mutant plants grown in a greenhouse during the spring through autumn seasons or in the summer field under high light ($2,000 mmol m -2 s -1 ) conditions , Baker et al. 2016 . Under these conditions, the mutant plants display stunted growth, leaf chlorosis and failure to produce fertile reproductive structures. Hence, consistent with rice vein anatomy (Kaneko et al. 1980 , Braun et al. 2014 , the ability of OsSut1 to complement the atsuc2 phloem loading deficiency in Arabidopsis (Eom et al. 2016) , and the presence of a H + -PPase and SUS at the PM of rice CCs (Regmi et al. 2016) , we hypothesize that OsSUT1 functions to load sucrose from the apoplasm into the phloem in rice leaves, and that this function may have been overlooked due to the permissive plant growth conditions used. Future work should re-examine the relationship between plant growth and productivity under high light, OsSUT1 function and the mechanism of sucrose phloem loading in rice leaves.
New Insights into Sugar Transporter Functions in Vegetative Sinks
Grass stems have emerged as important sources of structural and non-structural carbohydrates (e.g. sucrose) for fiber and fuel production (Byrt et al. 2011 , Slewinski 2012 , Braun et al. 2014 ). Thus, a greater understanding of the mechanisms through which sucrose is concentrated in storage stems is needed to facilitate crop improvement (Bihmidine et al. 2013) . Immature internodes contain a developmental gradient, with meristematic and elongating tissues located toward the base, and maturing tissue toward the apex (Esau 1977) . Elongating tissues are considered utilization rather than storage sinks (Ho 1988) , as sucrose is rapidly cleaved to hexoses and metabolized to facilitate growth. Most sucrose accumulation occurs in mature, fully elongated internodes and, within mature stems, sucrose accumulation tends to be greatest in the basal internodes and lowest in the apical internodes (HoffmannThoma et al. 1996 , Rae et al. 2005 . In sweet sorghum varieties, significant sucrose accumulation in the stem occurs from the time of panicle elongation within the flag leaf sheath (termed booting) until physiological maturity (Lingle 1987 , Hoffmann-Thoma et al. 1996 , Milne et al. 2015 . However, cessation of internode elongation rather than reproductive development is thought to be the primary driver of sucrose storage Smith 1991, Hoffmann-Thoma et al. 1996) .
Within this developmental context, biochemical and histological techniques have been utilized to infer the primary path of phloem unloading in developing and mature internodes (Fig. 2) . In sweet sorghum and sugarcane, developing internodes are characterized by a high ratio of hexoses to sucrose (Hoffmann-Thoma et al. 1996 , Rose and Botha 2000 , Milne et al. 2015 . The high hexose concentration could result from a predominantly apoplasmic phloem unloading pathway, with sucrose cleavage by cell wall invertase (CWIN) and cellular uptake by hexose transporters (Ruan 2014) . However, asymmetrically radiolabeled sucrose transport studies indicate that although CWIN activity is present in the apoplasm, the majority of translocated sucrose is taken into parenchyma cells intact in both developing and mature internodes (Lingle 1989 , Thom and Maretzki 1992 , Tarpley and Vietor 2007 . Furthermore, high expression and biochemical activity of SUS is observed in developing internodes of multiple species, suggesting that a substantial portion of sucrose catabolism occurs in the cytosol ( Fig. 2A ) (Lingle and Smith 1991 , Hoffmann-Thoma et al. 1996 , Martin et al. 2016 . Collectively, these data suggest that either apoplasmic unloading of sucrose and post-phloem uptake without cleavage occurs, or that a symplasmic phloem unloading path from the SE-CCCs to the storage parenchyma exists. To examine the path of sucrose unloading in stems, the movement of small fluorescent dyes has been investigated. 5,6-Carboxyfluorescein (CF), a phloem-transported, membrane-impermeable dye, was reported to accumulate within vascular parenchyma and surrounding storage parenchyma cells of maturing internodes of sugarcane, supporting symplasmic phloem unloading into stems ( Fig. 2B ) (Rae et al. 2005 , Walsh et al. 2005 . Another fluorescent dye, 8-acetoxypyrene-1,3,6-trisulfonic acid, applied to the base of the stem via the transpiration stream at the booting stage, was reported to accumulate in storage parenchyma cells adjacent to the vasculature of a maturing sorghum internode. The authors interpreted this accumulation as support for symplasmic phloem unloading (Milne et al. 2015) . In contrast, Bihmidine et al. (2015) found that after the loading of CF into mature source leaves of intact plants at anthesis, the dye was confined to the phloem of mature stem tissue in both a grain and a sweet sorghum cultivar. Hence, at this developmental stage, a symplasmic discontinuity exists between the SE-CCCs and adjacent cells of mature internodes, indicating that sorghum apoplasmically unloads sucrose in ripening stem tissues . These conflicting results may be explained by multiple factors, including differences in cultivars analyzed, plant growth conditions, life stages examined, internodes sampled and dye feeding protocols. Nonetheless, sugar transporters may facilitate apoplasmic phloem unloading during specific phases of development and, more generally, mediate sucrose retrieval from the phloem and storage parenchyma apoplasm.
Although some of the dye tracer studies discussed above are consistent with apoplasmic phloem unloading in stems, the transporters that facilitate the release of sucrose into the SE apoplasm remain uncharacterized. It is hypothesized that the SWEET transporter family performs this function. These transporters are proposed to function as passive uniporters that efflux sucrose and/or hexoses down their concentration gradient across a cell membrane , Braun 2012 , Chen 2014 , Eom et al. 2015 , Latorraca et al. 2017 . Phylogenetic analysis of this gene family in plants identified four distinct clades, with the clades roughly predicting which sugars are transported. Clades I, II and IV predominantly transport hexoses, whereas clade III transports sucrose, although exceptions are known (Le Hir et al. 2015) . Additionally, the clade IV SWEETs are typically localized to the tonoplast (Chardon et al. 2013 . Clade III SWEET transporters have been identified as candidates for the facilitated diffusion of sucrose into the apoplasm in multiple tissues (Chen et al. 2012 , Le Hir et al. 2015 . In a grain sorghum RNaseq expression atlas, three paralogously duplicated genes, SbSWEET13a-SbSWEET13c, are the most strongly expressed clade III SWEET genes in both leaves and stems, with SbSWEET13a predominating (Makita et al. 2015) . These expression patterns were independently validated for mature stems from both a grain and a sweet sorghum cultivar (Bihmidine et al. 2016) . Likewise, the closely related SvSWEET13b gene was strongly expressed in mature tissue in a recent stem developmental transcriptome of green millet (Setaria viridis), suggesting apoplasmic phloem unloading of sucrose (Fig. 2B) (Martin et al. 2016, McGaughey In developing stems, sucrose is unloaded from the SE-CCCs symplasmically via PDs (dashed line) into storage parenchyma cells. SUT protein localization indicates possible roles in sucrose retrieval into the SE-CCCs and uptake into parenchyma cells. SWEET expression is generally low in developing stems. Sucrose is catabolized in the cytosol by SUS to facilitate growth and development. (B) In mature stems, both symplasmic (dashed line) and apoplasmic phloem unloading of sucrose (SWEET and SUT transporters) have been proposed. Within the vasculature, SUT proteins may also retrieve sucrose into the SE-CCCs. Unlike developing stems, SUS activity is low, and most sucrose is effluxed into and out of storage parenchyma cell vacuoles by TST and SUT proteins for storage. In addition to their proposed roles in apoplasmic phloem unloading, SUT and SWEET proteins may mediate leakage and retrieval of sucrose into the storage parenchyma apoplasm to adjust cell turgor. Aquaporins (AQPs) located on the PM (PIPs and NIPs) and tonoplast (TIPs) are also proposed to regulate cell turgor. Diffusion of leaked sucrose from the storage parenchyma apoplasm back to the SE-CCCs is putatively prevented by cell wall suberization and/or lignification (thick black line). et al. 2016). Interestingly, although SvSWEET expression is generally low in developing stems, suggesting predominantly symplasmic phloem unloading (Martin et al. 2016) , at least one clade III SWEET (SvSWEET15) is strongly expressed in elongating tissue ( Fig. 2A) (McGaughey et al. 2016) . Thus, recent expression data indicate the possibility of apoplasmic unloading in both developing and mature stems. It will be interesting to assess whether these patterns of SWEET expression are conserved across multiple grass species, particularly for developing stems. However, pending localization of the SWEET proteins to the PM of SE-CCCs, interpretation of SWEET gene expression as evidence of apoplasmic unloading of sucrose must be done with caution in light of other potential functions of these transporters in stem tissues (see below).
In addition to their putative role in phloem unloading, SWEETs may also localize to the PM of storage parenchyma cells and promote facilitated diffusion of sucrose into the apoplasm of mature stems. In millet, SvSWEET13b is co-expressed with both SvSut1 and SvSut5 and several aquaporin genes ( Fig. 2B) (McGaughey et al. 2016 ). The authors proposed that SvSWEET13b and several PM-localized (SvPIP and SvNIP) and tonoplast-localized (SvTIP) aquaporins may function to partition sucrose and water between vacuoles, cytosol and the storage parenchyma apoplasm for cell turgor adjustment and recycling to the vasculature, respectively Cosgrove 1991, McGaughey et al. 2016 ). Tissue and cell localization data are required to resolve these potential roles for SWEETs in maturing stems.
As the majority of apoplasmically unloaded sucrose enters parenchyma cells without cleavage by CWIN (see above), PMlocalized SUTs are promising candidates for sucrose uptake in stems. The genomes of both sweet and grain sorghum cultivars contain six SbSut genes, all of which mediate active sucrose uptake when heterologously expressed in yeast , Milne et al. 2013 . The suite of SUTs expressed in internodes varies with genetic background and stem development. For example, although the PMlocalized SbSut5 is weakly expressed in fully elongated, mature sorghum internodes, Sut5, along with Sut1, predominates in the maturing region of developing internodes in both sorghum and green millet (Milne et al. 2013 , Martin et al. 2016 , Milne et al. 2017 . SbSut1 and the tonoplast-localized SbSut2 are broadly expressed in mature stems of both grain and sweet sorghum cultivars, but the relative expression of other SbSut genes is variable (Qazi et al. 2012 , Milne et al. 2017 . Thus, which SUTs are expressed at maturity may vary between internodes at differing stages of ripening, although genetic and environmental effects may also contribute. Interestingly, SbSut RNA expression levels were not different between grain and sweet sorghum cultivars within mature internodes, even though the stem solute levels varied approximately 24-fold . In contrast, SbSut2 and SbSut4 expression was elevated in source leaves of a sweet sorghum relative to a grain sorghum (Milne et al. 2013 ). Therefore, although the level of Sut expression is unlikely to be rate limiting for sucrose accumulation within stems, it may be a critical aspect of source responses to altered sink strength, as reported for model eudicots (Ainsworth and Bush 2011) .
To determine where SbSUT proteins are expressed during sorghum internode development and maturation, Milne and colleagues (2017) utilized a polyclonal antibody raised against a peptide from a conserved sequence of the potato StSUT1 protein. The antibody cross-reacted with multiple SbSUT proteins, so it was not possible to determine which SUT was detected. The authors reported that SbSUTs are localized to SEs, but not CCs, in both developing and mature regions of a sorghum stem, and to storage parenchyma cells during a limited developmental window between the cessation of cell elongation and the maturation of storage parenchyma cell walls (Milne et al. 2017 ). These results are in agreement with the phloem SE specificity of wheat TaSUT1 and rice OsSUT1 proteins in SE-CCCs in mature stems (Aoki et al. 2004 , Scofield et al. 2007b ). However, they contrast with sugarcane ShSUT1 localization data, in which the protein immunolocalized to mestome sheath and vascular parenchyma cells, but not to the phloem (Rae et al. 2005) . Symplasmic phloem unloading was reported for all of these mature tissues (Aoki et al. 2004 , Rae et al. 2005 , Milne et al. 2015 , and both the phloem-and peripheral vasculature-localized SUTs are predicted to function in retrieval of leaked sucrose from the apoplasm (Fig. 2B) . In contrast, dye tracers fed through the xylem of developing internodes at the seven leaf stage diffuse freely through the apoplasm to the storage parenchyma cells, indicating a potential route for apoplasmic unloading ( Fig. 2A) (Milne et al. 2015) . Thus, it is possible that SUTs also mediate direct uptake of sucrose from the apoplasm into storage parenchyma cells in addition to their proposed role in retrieval of leaked sucrose in the phloem , Milne et al. 2017 .
To untangle the different possible roles and to decipher the biological functions of each Sut gene during development, genetic studies will be necessary. However, pleiotropy is likely, especially for SUTs that contribute to both apoplasmic phloem loading of sucrose in source leaves and retrieval in sink tissues, as hypothesized for SbSUT1 (Milne et al. 2013 , Milne et al. 2017 . For example, tissue-specific elimination of gene expression will be necessary to evaluate the function of the maize ZmSut1 gene in sink organs, as null mutants exhibit a severely stunted phenotype due to attenuated phloem loading in leaves ). Cell-specific promoters have yet to be identified for most grass sink organs. Hence, in the short term, a combination of RNA in situ hybridization and fluorescent reporter gene constructs may provide the best insights into the tissue specificity of individual SUTs in grass stems. This approach was recently utilized to evaluate ZmSut1 expression in sink tissues using a promoter:red fluorescent protein (RFP) reporter gene and a tagged protein construct (Baker et al. 2016) . Both the yellow fluorescent protein (YFP)-tagged ZmSUT1 transgene and a previously reported green fluorescent protein (GFP)-tagged AtSUC2 translational fusion protein partially complemented their respective mutants, suggesting that these SUT-fluorescent protein fusions are functional in planta (Srivastava et al. 2008 , Baker et al. 2016 . In contrast to the reported phloem and transient storage parenchyma cell immunolocalization of SbSUTs discussed earlier (Milne et al. 2017) , the ZmSut1 promoter:RFP reporter gene and ZmSUT1-YFP expression patterns suggest ubiquitous expression of ZmSut1 in vascular and storage parenchyma cells of both developing and mature stems, albeit at reduced levels in mature tissue (Baker et al. 2016) . Unlike sugarcane and sweet sorghum, extensive lignification and suberization of parenchyma cell walls has not been reported for mature maize internodes (Fig. 2B) (Jacobsen et al. 1992 , Welbaum et al. 1992 , Milne et al. 2015 . Thus, it is plausible that the high level of ZmSut1 expression observed by Baker and colleagues is necessary to retrieve leaked sucrose that would otherwise escape into the transpiration stream.
Although some portion of sucrose is released into the storage parenchyma apoplasm to regulate cell turgor, the majority of post-SE sucrose transport is directed to the vacuole (Lingle 1989, Moore and Cosgrove 1991) . Active sucrose transport across the tonoplast membrane is a key control point for sucrose partitioning in multiple organisms and tissues (Hedrich et al. 2015) . For example, in Arabidopsis leaves, active transport into vacuoles is partially mediated by members of the tonoplast sugar transporter family (TST), a small group of sugar:H + antiporters capable of translocating both sucrose and its catabolites glucose and fructose across the vacuolar membrane (Wormit et al. 2006 , Wingenter et al. 2010 , Schneider et al. 2012 . The TST family, previously called tonoplast monosaccharide transporters (TMTs), has been defined in several grass species, including sugarcane, rice, sorghum and green millet (Cho et al. 2010 , Casu et al. 2015 , Bihmidine et al. 2016 , Martin et al. 2016 . In sorghum, both SbTST1 and SbTST2 were strongly expressed in leaves and mature internodes from booting through anthesis , Bihmidine et al. 2016 , Milne et al. 2017 . Furthermore, expression of both SbTST genes was significantly enriched in sweet relative to grain sorghum stems (Bihmidine et al. 2016) . Green millet stem was reported to accumulate solute levels (percentage Brix) comparable with mid-range sweet sorghums, and is thus a promising rapid cycling model system for stem sucrose accumulation (Martin et al. 2016) . Interestingly, SvTMT1 and SvTMT2 expression increased with tissue maturation in developing stems (Martin et al. 2016) . SvTMT2 expression was correlated with two other putative tonoplast-localized sugar transporter genes, SvSUT4 and SvSWEET16 (Martin et al. 2016 , McGaughey et al. 2016 ). Thus, similar molecular players are likely to be involved in partitioning sucrose to terminal storage sinks in multiple Panicoid grass species.
Although these expression data strongly implicate TSTs in concentrating sucrose within grass stems, they are also strongly expressed in leaf tissues of sweet sorghums, and the relative contributions of TST expression within these two tissues to stem sucrose concentration remains to be determined (Bihmidine et al. 2016) . In Arabidopsis leaves, AtTST overexpression putatively enhanced source strength by sequestering glucose within the vacuole, which led to up-regulation of AtSUC2 transcripts (Wingenter et al. 2010 ). Interestingly, expression of SbSWEET13a, a candidate for apoplasmic phloem loading of sucrose, was enhanced in sweet relative to grain sorghum leaves (Bihmidine et al. 2016) . Thus, the relationship between vacuolar sugar sequestration and enhanced expression of phloem loading sugar transporters may be broadly conserved between Arabidopsis and grasses.
Similar Sugar Transporters are Probably Involved in Carbohydrate Partitioning in Roots
The implication of sorghum and millet TSTs in sucrose accumulation indicates intriguing commonalities in CP strategies between monocot stems and eudicot taproots. Expression of a sugar beet (Beta vulgaris) TST gene, BvTST2.1, was recently shown to correlate with the phase of rapid sucrose accumulation in high-accumulating taproots vs. fodder cultivars (Jung et al. 2015) . In tobacco (Nicotiana tabacum) leaf vacuoles, BvTST2.1 exhibited sucrose:H + antiport capacity, with preferential uptake of sucrose over glucose, whereas the related BvTST1 protein exhibited promiscuous uptake of both sugars (Jung et al. 2015) . Hence, TST expression is strongly correlated with root and stem sucrose accumulation in multiple crop species (Casu et al. 2015 , Jung et al. 2015 , Bihmidine et al. 2016 .
The potential for crop improvement via optimization of root sugar transporter expression extends beyond storage taproots, particularly under abiotic stresses such as drought. Drought is the primary limiting factor for agricultural production and a major contributor to global food insecurity (Boyer 1982 , Boyer et al. 2013 . Classical drought stress phenotypes, including an elevated root:shoot biomass ratio and the inhibition of leaf expansion, are well documented in multiple species (Comas et al. 2013 , Lemoine et al. 2013 . A recent metabolic flux analysis in Arabidopsis leaves indicated that leaf expansion is inhibited more strongly than photosynthesis under water deficit, and that elevated root:shoot biomass partitioning may occur due to a larger pool of carbon available for export to the roots (Hummel et al. 2010 ). However, the sugar transporters mediating enhanced carbon flux to roots are not known.
An exciting advance in identifying candidate sugar transporters that may function to enhance carbon delivery to roots under drought was recently reported by Durand et al. (2016) . Using soil-based rhizobox growth systems, Durand and colleagues combined classical physiological phenotyping, imaging of root system architecture and candidate gene discovery in adult Arabidopsis plants. Intriguingly, Durand et al. (2016) observed elevated expression of all five clade III SWEET genes (AtSWEET11-AtSWEET15) under drought, and suggested that the increased SWEET expression potentially results in enhanced efflux of sucrose to the apoplasm. Dye tracer and chemical inhibitor studies indicate that symplasmic continuity between the SE-CCCs and surrounding tissues ceases within millimeters of the root apex (Wright and Oparka 1994, Hukin et al. 2002) ; hence, apoplasmic phloem unloading predominates over most of the root length. Durand et al. (2016) also found that AtSUC2 was strongly up-regulated in roots experiencing drought, potentially to retrieve sucrose lost to the apoplasm. Future research will need to address whether the elevated transcript accumulation of AtSWEET and AtSUC2 genes leads to a corresponding increase in sugar transport, and whether the tissue localization of SWEET proteins is consistent with a role in apoplasmic phloem unloading.
Interestingly, expression of AtSUC1, the predominant Sut gene expressed in well-watered roots, declined under water deficit (Durand et al. 2016) . AtSUC1 is strongly expressed in growing root tips (Sivitz et al. 2007) , and Durand and colleagues suggested that attenuated expression of this SUC gene may contribute to the observed reduction in root elongation. During drought, rooting depth is an important parameter for water acquisition (Lynch 2013) , and so identification of sugar transporters that promote elongation maintenance in growing root tips may also contribute to crop improvement. In a recent proteomic analysis of maize root tips experiencing strong water deficit, ZmSUT2 was correlated with elongation maintenance (Voothuluru et al. 2016) . Although the function of ZmSUT2 in root drought response remains to be characterized, it may contribute to remobilization of vacuolar reserves for metabolism or for osmotic adjustment. As ZmSUT2 is localized to the tonoplast and enriched within the symplasmic unloading zone of the root tip, it is unlikely to contribute directly to phloem unloading (Hukin et al. 2002 , Baker et al. 2016 , Leach et al. 2017 . In total, these results suggest that sugar transporters contribute broadly to drought adaptation in both apoplasmically and symplasmically unloading root tissues and are promising targets for future crop improvement.
Turning up the Heat: How Heat Stress Affects Carbohydrate Partitioning
Along with drought, high temperature is one of the main constraints to crop production worldwide, and the two stresses frequently co-occur (Mittler 2006 , Teixeira et al. 2013 . Heat stress directly impacts carbon utilization and distribution in plants. Recent studies revealed that photosynthesis, carbon fixation and sucrose metabolism were inhibited under heat stress, while respiration increased (Kaushal et al. 2013 , Zhou et al. 2017 ). Thus, under high temperature, photosynthetic efficiency decreases while other physiological processes which demand carbon increase, thereby shifting whole-plant carbon supply and demand.
Most reports examining the effects of heat stress on sugar metabolism and transport have investigated source leaves of apoplasmic sucrose phloem loading species (Vasseur et al. 2011 , Kaushal et al. 2013 , Xu et al. 2013 , Ribeiro et al. 2014 , Sun et al. 2016 , Zhou et al. 2017 . From these studies, soluble carbohydrate levels in source leaves generally decline when plants are exposed to high temperatures over the short term (typically <7 d). For example, under heat stress, photosynthesis decreased, resulting in lower sugar and starch content in the leaves of Arabidopsis, thermal bentgrass (Agrostis scabra), castor bean (Ricinus communis) and chickpea (Cicer arietinum) (Vasseur et al. 2011 , Kaushal et al. 2013 , Xu et al. 2013 , Ribeiro et al. 2014 . Similarly, in maize, the sucrose levels in the leaves of three inbred lines decreased after a 7 d exposure to heat stress (Sun et al. 2016 ). However, Vasseur et al. (2011) found that in Arabidopsis, elevated CO 2 concentration and high light could enhance photosynthetic rates, increase the sugar contents in leaves and reverse the negative effects caused by heat stress. These results suggest that maintenance of photosynthesis and carbohydrate assimilation is a key trait for plants to adapt to high temperature. Consequently, tolerance to heat stress is frequently associated with maintaining sugar content in source leaves (Vasseur et al. 2011 , Zhou et al. 2017 . For example, in tomato (Solanum lycopersicum), the fructose and sucrose contents in mature leaves of a heat-tolerant genotype were significantly higher compared with a sensitive genotype under heat stress (Zhou et al. 2017) .
In addition to a negative effect on carbohydrate assimilation, heat stress also reduces sugar export from leaves. Suwa et al. (2010) reported that the 13 C export rate from maize ear leaves decreased after 14 d of high temperature treatment, which suggests that sucrose loading into the phloem was inhibited by heat stress. Interestingly, Zhang et al. (2012) showed that the starch content in mesophyll cells of tomato leaves initially decreased during the first 5 d of heat stress, but was significantly higher than that of controls after 10 d of heat stress, and that the starch content in leaves progressively increased during this period. In these apoplasmic phloem loading species (i.e. maize and tomato), SWEETs are proposed to efflux sucrose into the phloem apoplasm, and SUTs to import sucrose into the SECCCs (Braun et al. 2014 , Osorio et al. 2014 . Collectively, these observations suggest that in the long term (>7 d), phloem sucrose export by SWEETs and/or import by SUTs was inhibited in heat-stressed leaves, which subsequently resulted in sugar and starch accumulation.
Interestingly, the transcript abundance of several genes encoding sugar transporters was differentially expressed in response to heat stress (Qin et al. 2008 , Jian et al. 2016 . Qin et al. (2008) found that in wheat leaves, microarray analysis indicated that 22 sugar transporters were responsive to heat stress; three of them were up-regulated, while 19 of them were downregulated (Qin et al. 2008 ). In addition, Jian et al. (2016) examined the expression of oilseed rape (Brassica napus) BnSUC and BnSWEET genes under heat stress. However, rather than being down-regulated, they found that 11 of the 16 selected BnSUC and BnSWEET genes were initially up-regulated in leaves after 3 h of heat treatment. Subsequently, after 6-24 h of heat stress, their levels declined, and only BnSUC1-2 was differentially expressed (Jian et al. 2016 ). According to these authors, BnSUC1-2 is a close homolog of AtSUC1 and AtSUC2, and belongs to the group 2 Sut genes, some of which function in phloem loading. Unfortunately, neither the sugar and starch levels in the leaves nor the carbon export rate of the heatstressed Brassica plants were reported, so it was not clear if the gene expression changes correlated with altered carbohydrate contents or phloem loading.
In addition to the changes in Sut and SWEET gene expression described above, heat stress has also been reported to negatively impact sugar transport through sieve tubes. Xu and Huang (2000) provided 14 CO 2 to castor bean seedlings and found that the proportion of newly photosynthesized 14 C allocated to the roots was significantly reduced under heat stress. Similarly, Ribeiro et al. (2014) showed that in creeping bentgrass (Agrostis palustris), the root to shoot biomass ratio was decreased under heat stress, which also suggested that carbon translocation between shoot and root was reduced. However, in these experiments, ample water was provided to the heat-stressed plants to avoid also inducing drought stress, which typically increases the root:shoot ratio. As these two stresses frequently co-occur, it will be important in future studies to characterize how the plants respond to multiple stresses. Another possible explanation for the observation of reduced carbohydrate translocation to distal sink tissues would be physical blockage of the phloem under heat stress. Furch et al. (2007) showed in Vicia faba leaves that soon after heat shock (by burning the leaf tips), callose was deposited over the sieve pores that physically blocked phloem transport several cm proximal from the site of heat-stress. Callose is a b-1,3-glucan polymer, and the deposition of callose has been described as a common response to abiotic stresses (Peuke et al. 2006 , Maeda et al. 2014 , biotic stresses (Nishimura et al. 2003 , Hofmann et al. 2010 ) and wounding (Jacobs et al. 2003) . Additionally, Furch et al. (2007) observed that localized heat shock caused forisomes to change conformation and occlude sieve plates. Forisomes are specific proteins that occur in the sieve tubes of the Fabaceace that can change shape from an elongated, lowvolume conformation into a spherical, high-volume conformation. This rapid switch in conformation has also been observed under other stress conditions, such as wounding and freezing (Knoblauch et al. 2001 , Thorpe et al. 2010 , Hafke et al. 2013 . All together, these data suggest that under heat stress, carbohydrate assimilation is initially reduced and sugar abundance in leaves declines, which may change the activity of sugar transporters (Kühn 2012) . Over the longer term, the reduced activity of sugar transporters caused by heat stress would alter sugar export into the phloem. Thus, strategies to maintain photosynthesis and sucrose transport through the phloem under heat stress may result in better yielding crops.
In addition to affecting sugar transport, heat stress also impacts sugar metabolism. In plants, sucrose metabolism is directly controlled by sucrose phosphate synthase (SPS), SUS and invertase (INV) (Koch 2004 , Ruan 2014 . SPS is the principal enzyme involved in sucrose synthesis, and catalyzes the synthesis of sucrose-6-phosphate from UDP-glucose and fructose-6-phosphate. SUS reversibly converts sucrose into UDP-glucose and fructose in the presence of UDP. INV irreversibly hydrolyzes sucrose into glucose and fructose, and there are distinct isoforms localized to different cellular compartments (cell wall, cytoplasm and vacuole). Studies have linked these three classes of sucrose metabolic enzymes to a plant's response to heat stress (Durand et al. 2012 , Z. Li et al. 2012 , Kaushal et al. 2013 . Kaushal et al. (2013) reported that in heat-tolerant chickpea genotypes, under heat stress conditions, the activities of SPS and SUS were 40-43% higher, and the activities of vacuolar INV and CWIN were 17-23% higher relative to sensitive genotypes. However, the activities of these enzymes were significantly reduced in leaves of both genotypes relative to the unstressed controls. Similarly, Durand et al. (2012) performed proteomic analyses on cambial tissue of young poplar (Populus tremula Â alba) plants under heat stress, and determined that it strongly reduced the abundance of seven SUS isoforms. A link between the activity of these sucrose metabolic enzymes and sugar unloading in sink tissues has also been reported in tomato. Z. showed that a heat-tolerant tomato line exhibited increased activity of CWIN and a faster import rate of sucrose into young fruits compared with a heatsensitive variety. Recently, Palmer et al. (2015) found that apoplasmic phloem unloading is the dominant pathway in tomato fruit during the cell expansion stage. These authors also described that a tomato CWIN functioned in the cell walls of SEs and increased in activity during the ovary to fruit transition, thereby facilitating phloem unloading into the fruit. After sucrose cleavage by CWIN in the apoplasm, the hexoses are influxed across the PM of sink cells by hexose transporters (LeHT1, 2 and 3) (McCurdy et al. 2010) . Therefore, under heat stress in tomato fruits, the increased activity of CWIN would result in an increase in the efflux of sucrose into the apoplasm via sucrose effluxers (potentially by SWEETs), followed by the influx of hexoses into the sink cells via hexose transporters. Please see Ruan (2014) for additional discussion of how high CWIN activity correlates with sucrose import capacity in sink tissues under heat stress. Collectively, these data support the involvement of sugar transporters and sucrose metabolic enzymes in the plant's response to heat stress; however, additional research is required to understand how and when these genes are functioning.
In summary, heat stress negatively affects multiple aspects of CP, including assimilation and metabolism, phloem loading and unloading by sugar transporters, and long-distance translocation, which ultimately impacts plant growth and productivity. Recent studies highlight opportunities to develop heat-tolerant crops better able to withstand rising temperatures expected with global climate change. For example, by manipulating the activities of sugar transporters or sugar metabolic enzymes, it should be possible to enhance sugar loading and unloading from the phloem under heat stress, thus enhancing crop yield.
The Invisible War: Conflict Between Pathogens and Plants for Sugar
In addition to abiotic stress, pathogens present significant challenges to world agriculture. Every year billions of dollars are lost due to crop diseases caused by bacterial, fungal, oomycete and viral pathogens (Strange and Scott 2005 , Oerke 2006 , Chakraborty and Newton 2011 . Different pathogens broadly utilize three strategies to acquire the necessary nutrients for survival and replication from plant cells: (i) manipulating host proteins to export nutrients to the apoplasm where they reside (biotrophic); (ii) causing the host cell to undergo programmed cell death and feeding on the remaining nutrients (necrotrophic); or (iii) a combination of the two approaches (hemibiotrophic). While there are a variety of nutrients that a pathogen requires from its host, some of the most important are carbohydrates, predominantly in the form of glucose or fructose, but studies have found specific pathogens also take up sucrose (Talbot 2010) . Therefore, invisible wars are constantly being waged between plants and pathogens over these essential sugars. Here, we highlight recent papers discussing how these wars are fought, the roles of sugar transporters on the front lines and the potential for tipping the scales to favor plant resistance against pathogens.
Several studies in rice illuminate the ability of pathogens to hijack the regulation of specific members of the SWEET transporter family in order to acquire carbohydrates. Specifically, OsSWEET11, OsSWEET12 or OsSWEET14 are up-regulated depending on the particular strain of Xanthomonas oryzae pv. oryzae (Xoo), with different strains presenting different bacterial effector proteins that target promoter elements in these genes (Chu et al. 2006 , Antony et al. 2010 , Chen et al. 2010 . These three genes are all clade III SWEETs, which are thought to transport predominantly sucrose (Eom et al. 2015) . Their transcriptional induction by the pathogen probably results in the host cell effluxing sucrose into the apoplasm for uptake by the pathogen (Chen et al. 2010 . Through targeted modification of the effector-binding sites in the promoter of OsSWEET14, J. successfully inhibited effector-mediated up-regulation while conserving protein function. This prevented co-option of the SWEET gene, which is required to promote Xoo pathogenicity, and created a novel allele of OsSWEET14 that will be useful to breed resistant varieties of rice. Additionally, Streubel et al. (2013) demonstrated through the use of artificial effectors that the remaining clade III OsSWEET genes, OsSWEET13 and OsSWEET15, are possible targets for pathogen manipulation. Interestingly, the strategy to up-regulate SWEET gene expression to enable pathogenicity is not unique to Xoo and rice. Studies have also found that SWEET genes are up-regulated upon pathogen attack in cassava (Manihot esculenta), Arabidopsis, citrus (Citrus paradisi and Citrus sinensis), grapevine (Vitis vinifera) and sweet potato (Ipomoea batatas) (Chen et al. 2010 , Chong et al. 2014 , Cohn et al. 2014 , Hu et al. 2014 , Z. Li et al. 2017 . Therefore, this transporter family seems to be a common target of bacterial, fungal and oomycete pathogens regardless of their feeding strategy. For additional discussions of the interplay between SWEET genes and pathogen interactions, please see Chandran (2015) .
While the pathogen-host interactions described above resulted in strong up-regulation of SWEET genes, a recent study by Asai et al. (2015) provides evidence for both positive and negative expression changes of SWEET genes upon pathogen attack. Gray mold (Botrytis cinerea) was found to up-regulate the tomato SWEET15 gene and, counterintuitively, down-regulate numerous other members of the SWEET family across the four different clades. Little discussion exists in the literature regarding the significance of down-regulation of SWEET genes during pathogen attack. However, SWEET down-regulation may result in the disruption of various sugar signaling pathways, which has been shown to occur upon pathogen attack (Berger et al. 2007 , Sade et al. 2013 ). This in turn may result in a more beneficial environment for pathogen survival and replication. Further investigation into differential SWEET gene expression during pathogenesis is needed to gain a better understanding of the physiology underlying pathogen-host interactions.
In addition to the SWEETs, hexose transporters are also exploited by pathogens to acquire carbohydrates. A recent study in wheat identified the Lr67 locus, which confers partial resistance to various leaf rust diseases (Moore et al. 2015) . The Lr67 gene encodes a member of the sugar transporter (STP) gene family, an ortholog of the Arabidopsis AtSTP13 gene (see below). The sequence of the susceptible wheat allele is conserved among other plant STP13-like members, suggesting that the resistance phenotype is gained as a result of two non-synonymous single nucleotide polymorphisms. Both the resistant (Lr67res) and susceptible (Lr67sus) alleles are up-regulated when plants are challenged by pathogens. Interestingly, the protein encoded by the resistant Lr67 allele lacks glucose transport activity in vitro whereas the susceptible protein is capable of glucose transport. Additionally, the Lr67res and Lr67sus proteins localize to the PM and form homo-and heterodimers with homeologous glucose transporters, resulting in a dominantnegative effect from the Lr67res allele. Intriguingly, even though the Lr67res protein lacks glucose transport activity, grain yield is not affected in plants carrying this allele. Therefore, the Lr67res allele should be highly valuable in developing wheat cultivars resistant to leaf rusts. However, the Lr67 locus is physically located close to the RhtD1b semi-dwarf gene, which is tightly linked to the susceptible allele of Lr67, resulting in possible selection against the resistant allele in wheat germplasms used today. The identification of the Lr67 resistant allele presents a remarkable opportunity for conventional breeding or transgenic solutions to increase wheat yield by disabling the ability of various fungi to access host sugars. While the sugar transporters described above are targets for pathogen manipulation to access carbohydrates, other plant sugar transporters were recently discovered that tip the scales in favor of the plant by providing an important layer of defense. Yamada et al. (2016) reported that hexose uptake from the apoplasm to the cytoplasm by the Arabidopsis AtSTP13 protein increased in response to flg22 detection (Fig. 3A, B ). Flg22 is a 22 amino acid peptide derived from the bacterial flagellin protein that is recognized by the plant FLS2 protein, a leucine-rich repeat receptor kinase (LRR-RK), located on the PM, and upon binding activates plant defense pathways (Felix et al. 1999) . Additionally, the AtSTP13 protein physically interacts with FLS2 and the LRR-RK co-receptor protein BAK1, which are crucial components in plant defense response pathways (Chinchilla et al. 2007 ). When FLS2 binds flg22, the AtSTP13 protein is phosphorylated by BAK1 (Fig. 3C) . This in turn increases AtSTP13 hexose uptake from the apoplasm into the cytoplasm, sequestering sugars away from the pathogen. Furthermore, after binding flg22, FLS2 signaling up-regulates AtSTP13 transcription, resulting in more mRNA and subsequently protein, thereby increasing uptake of hexoses from the apoplasm (Fig. 3C) . While the regulation of sugar transporter activity by protein phosphorylation has been previously suggested (Ransom-Hodgkins et al. 2003 , Niittyla et al. 2007 , there has been no direct evidence for this type of regulation being important for protein function until now. Much more work is needed to understand how post-translational modification of sugar transporters controls their activity and subcellular localization (Krügel et al. 2008, Slewinski and , but the exciting findings by Yamada et al. (2016) suggest that this is a fruitful topic for future studies. How widespread might the interaction of a receptor complex against pathogens functioning to regulate a sugar transporter be? There is little precedent for it in the literature; however, it has been observed in rice that several cell wallassociated receptor-like kinases (WAKs) are either up-or down-regulated upon rice blast fungus infection, and that overexpression or knock-out of these genes results in a decrease of disease symptoms (Delteil et al. 2016) . Additionally, the rice disease resistance locus Xa21 encodes an LRR-RLK that results in significantly decreased bacterial load and reduced lesions in plants inoculated with Xoo (Song et al. 1995) . Whether these receptor protein kinases physically interact with sugar transporters to limit pathogen invasion is not yet known, but is a tantalizing hypothesis. If confirmed, this paradigm could be a novel method of regulating sugar transporter activity to increase resistance against pathogens.
Additional evidence of host sugar transporters functioning in plant defense against viruses has been reported in tomato. Tomato yellow leaf curl virus (TYLCV) is a devastating disease resulting in significant crop losses each year (Moriones and Navas-Castillo 2000) . Two inbred tomato lines, one resistant (R) and one susceptible (S) to TYLCV, were used to identify genes potentially responsible for resistance to the virus. Eybishtz et al. (2010) found that among other genes, the hexose transporter gene LeHT1 is strictly expressed in R lines. To test whether this gene plays a role in TYLCV resistance, the gene was silenced using Tobacco rattle virus-induced gene silencing. Interestingly, LeHT1 silenced resistant (Ri) lines became susceptible to TYLCV infection, but not to the extent observed in S lines lacking LeHT1 expression. In Ri and S lines, the virus exhibited increased mobility as it was found in and between leaf veins compared with in R plants, where the virus was scattered throughout the mesophyll and absent in the main vascular system. Additionally, Ri plants underwent programmed cell death after inoculation with the virus, a response that was not observed in R or S lines. It is interesting to speculate about the possible function of this hexose transporter in defense against TYLCV, since it would not be necessary to sequester sugars from a virus, as would be the case for a cellular pathogen (bacterial, fungal or oomycete) infection. In their discussion, Eybishtz et al. (2010) suggested that silencing LeHT1 could increase PD permeability and thereby increase TYLCV mobility. Thus, it may be that the LeHT1 protein is involved in maintaining sugar levels and hexose:sucrose ratios required for appropriate cellular signaling pathways, which may influence plasmodesmatal permeability. In support of this hypothesis, Sade et al. (2013) found that the transcriptional profile of Ri plants was more similar to that of R than that of S plants. However, when comparing sugar profiles, the Ri plants were found to be more similar to S plants, which exhibited changes in the monosaccharide:disaccharide ratio upon challenge with TYLCV. Additionally, previous work indicated that the movement protein (MP) from the Tobacco mosaic virus increases PD pore size, allowing for increased virus mobility (Wolf et al. 1989 ). This plasmodesmatal expansion also occurs in transgenic potato plants overexpressing the MP, and results in increased carbon export from leaves (Olesinski et al. 1996) . Interestingly, the source of the resistance allele against TYLCV was a wild tomato species, Solanum habrochaites, which may have decreased PD permeability due to LeHT1 expression. This in turn may have limited carbohydrate export from leaves, resulting in smaller fruits and less yield. Therefore, LeHT1-mediated resistance could have been selected against in domesticated tomato lines to increase fruit yield. It will be interesting to test PD permeability, and carbohydrate and virus mobility in regards to the presence and absence of LeHT1 expression. If this hypothesis is correct, it may be possible to engineer viral resistance in domesticated tomatoes without sacrificing yield by incorporating a LeHT1 transgene that is specifically expressed upon viral detection.
The studies described above outline the importance of plant sugar transporters involved in both pathogenesis and plant defense. Up to this point, this review has focused on the functions of host sugar transporters; however, pathogen sugar transporters also play crucial roles in the battle over sugar. For example, the corn smut fungus (Ustilago maydis) encodes a novel, high-affinity sucrose transporter, UmSRT1, which is more efficient in sucrose uptake than the host ZmSUT1 protein expressed by the plant cell (Wahl et al. 2010) . Upon deletion of UmSrt1, pathogen virulence was greatly decreased, signifying the essential function of this transporter for pathogen survival and replication. Additionally, Wittek et al. (2017) recently provided evidence that UmSRT1 also has a higher affinity than ZmSUT1 for protons. Hence, UmSRT1 is able to function at a higher pH and membrane potential than ZmSUT1. Through mathematical modeling of kinetic and biophysical parameters of both transporters, the authors found that upon infection, apoplasmic sucrose levels drop due to UmSRT1 uptake. As a result, the sucrose concentration gradient is expected to increase between the phloem SE-CCCs and the apoplasm. In the models of Wittek et al. (2017) , this results in ZmSUT1 switching modes from importing sucrose into the phloem, to exporting sucrose out of it and into the apoplasm. Therefore, in a biochemical arms race between UmSRT1 and ZmSUT1, the pathogen outcompetes the host cell for apoplasmic sucrose as well as tricking the host into providing the fungus with sucrose from the phloem. An important consideration for future iterations of the model of Wittek et al. (2017) is that the functions of SWEET transporters, which may also contribute sucrose to the apoplasm, were not considered. Hence, it will be interesting to see if reversal of the transport direction of ZmSUT1 is expected when additional sucrose transporters are taken into account. Finally, it should also be noted that while we have limited our discussion to pathogenic relationships, sugar transporters also play key roles in symbiotic relationships between plants and microorganisms (see Bitterlich et al. 2014 , Garcia et al. 2016 , Manck-Götzenberger and Requena 2016 , Sugiyama et al. 2016 for discussion). The exciting recent progress in understanding the functions of sugar transporters in mediating the interactions between pathogens and plants demonstrates that the balance is tipping in our favor, but much more work is needed to protect crop yields from pathogen loss.
Beyond Sugar: Additional Roles for Sugar Transporters in Plant Biology
A recent exciting development in the study of SWEET genes is a report that certain members of the family may function not only as sugar transporters, but also as plant hormone transporters (Kanno et al. 2016 ). This study found that Arabidopsis clade III AtSWEET13 and AtSWEET14 proteins are capable of transporting multiple forms of gibberellins, and that the atsweet13; atsweet14 double mutant plants exhibited phenotypes related to gibberellin responses in reproductive organs and seedlings. Specifically, delayed anther dehiscence was observed in the double mutants and was restored upon exogenous gibberellin application. This rescue, along with an observed decrease in exogenous gibberellin transport from roots to shoots in the double mutant plants, supports the conclusion that these SWEETs have gibberellin transport function in planta. The authors suggested a specific role for gibberellin transport into or out of the vascular tissue, facilitating gibberellin signaling during various developmental processes. While this is the first report describing SWEETs transporting a plant hormone, there is evidence in the literature suggesting that SWEETs may also transport ions such as copper (Lopes and Araus 2008 , Zhao et al. 2009 , Yuan et al. 2010 , Redondo-Nieto et al. 2012 , Yuan and Wang 2013 . Therefore, based on these studies, it is tempting to speculate that in addition to sugars, members of the SWEET family may transport other plant hormones, signaling molecules or metabolites. If true, it may help explain the significant increase in the number of SWEET genes present in plant genomes relative to animals (typically approximately ! 20 SWEET genes in plant genomes compared with a single gene in animals), as well as the redundancy observed in terms of tissue expression and affinity for sugars (Eom et al. 2015) . Future work is needed to verify these additional transport functions and their biological significance.
Conclusions and Future Directions
This review highlights recent discoveries about sugar transporters and sucrose metabolism under optimal as well as abiotic and biotic stress conditions. Understanding the regulation of sucrose transport in crops such as maize and rice is essential to increase yield. For example, it is unresolved whether rice utilizes an apoplasmic or symplasmic phloem loading pathway to export sucrose from mature source leaves. With initiatives to convert rice from a C 3 to a C 4 photosynthetic species, which are expected to improve CO 2 fixation and potentially increase yields by 50% (Mitchell and Sheehy 2006, Zhu et al. 2010) , determining the sucrose transport pathway is essential (Baker et al. 2016) . Additionally, further knowledge of the phloem unloading mechanisms underpinning food, feed, fiber and biofuel production is crucial for overcoming challenges facing humanity, such as global climate change, energy insecurity and feeding an increasing population.
Mounting evidence indicates that sugar transporters play important roles in plant responses to different abiotic and biotic stresses. Little is known about the function of sugar transporters under heat and drought stress (Qin et al. 2008 , Durand et al. 2012 , Durand et al. 2016 , Jian et al. 2016 . With the temperature on Earth predicted to increase with the rising CO 2 levels, plants will probably experience higher heat stress as well as drought stress, reducing crop yields due to decreased CP (Boyer 1982 , Wahid et al. 2007 , Boyer et al. 2013 , Teixeira et al. 2013 . Thus, more research is needed to understand how sucrose metabolism and sugar transport can be altered to generate plants better adapted to these and other stresses to stabilize and enhance crop yields. While we do not yet have a complete understanding of how photoassimilate transport is modified by drought or heat stress, promising new approaches to studying this long-standing question, such as dynamic radiotracer imaging techniques using positron emission tomography (PET) combined with a phloem-transported radiolabeled sugar, could be a powerful tool in deciphering how photoassimilate transport changes under abiotic and biotic stresses (Ferrieri et al. 2012 , Hubeau and Steppe 2015 , Rotsch et al. 2015 .
In addition to increased abiotic stress due to climate change, plants face additional challenges from pathogens. It is now apparent that many pathogens utilize a common strategy of usurping host sugar transporters to obtain carbohydrate resources, whether as hexoses or sucrose, and/or alter cellular sugar homeostasis. Through genome engineering approaches, sugar transporters that are targeted by pathogens can be modified, through either fine-tuning transcriptional control (T. , Wolt et al. 2016 or protein function, resulting in resistance to the pathogen without impacting yield. Future efforts to prevent disease should focus on determining the mechanisms of how pathogens commandeer plant sugar transporters during pathogenesis. By translating this knowledge to crops, whether through traditional breeding methods, such as with the Lr67 locus in wheat, or utilizing gene editing technology, as demonstrated with the OsSWEET members in rice, we can tip the scales of this invisible war in the favor of the plants and in turn humanity.
Many new and exciting breakthroughs have been made in recent years regarding sugar transporters and their functions. These discoveries hold great potential for future innovations and further understanding of the regulation of CP in plants. For example, the function of the SWEET gene family as sugar transporters was only first characterized in 2010 (Chen et al. 2010) . Knowledge of the diverse roles played by these transporters has since exploded, implicating SWEETs as crucial for phloem loading of sucrose, reproductive organ development, seed filling, senescence and disease resistance. These and other recent findings, suggesting that SWEETs may transport hormones and additional compounds other than sugars, underscore the importance of understanding each gene's function. In addition, the SUTs, TSTs, STPs, and additional sugar transporter families not discussed above, including those yet to be discovered, may hold the keys to engineering stress tolerance and yield improvements. As research in this field progresses, more exciting discoveries can be expected as sugar is central to every aspect of plant growth, development and crop yield.
